INTRODUCTION
============

Skeletal and bone marrow metastases occur mainly in patients with primary breast, prostate, or lung cancer [@B1]. Early detection of skeletal metastases can significantly change the staging of the disease, alter the treatment strategy and decrease the morbidity. Several imaging modalities, including X-ray, computed tomography (CT), magnetic resonance imaging (MRI), ^99m^Tc-MDP (methylenediphosphonic acid) bone scan, and ^18^F-FDG PET have been adopted to detect bone metastasis [@B2]. ^99m^Tc-MDP bone scan remains to be the mainstay of evaluating skeletal metastasis, due to its sensitivity in visualizing both osteolytic and osteoblastic bone metastases on whole-body images at reasonable cost [@B3]. The bone scan often needs to be followed by either CT or MRI to depict anatomic changes in more details [@B4].

With the increased availability of PET/CT, FDG scan is commonly performed for cancer detection and staging, as it can detect metastatic disease in multiple organ systems [@B5]. Consequently, the application of FDG PET/CT to detect skeletal metastatic disease has been intensively investigated. Most reports suggest that FDG PET/CT is superior to bone scan in the detection of skeletal metastatic disease [@B6], [@B7]. Similar to the primary lesion, visualization of bone metastasis by FDG PET/CT is also based on the increased metabolic activity rather than anatomical alterations. It is well known that ^18^F-FDG is not highly specific in differentiating malignancy and inflammation. In addition, some types of malignancies such as prostate cancer usually do not have high glucose uptake and are not readily diagnosed by FDG PET [@B8]. Therefore, there is still a need to explore other imaging probes to provide more information of bone metastases for individualized diagnosis and treatment.

Integrin α~v~β~3~is involved in the interaction of endothelial cells and extracellular matrix during tumor-induced formation of new vessels as well as in mediation of tumor cell migration during invasion and extravasation [@B9], [@B10]. Consequently, a variety of radioactive tracers based on RGD (Arginine-glycine-aspartic acid) peptides have been developed for noninvasive determination of α~v~β~3~ expression [@B11]-[@B16]. Several of these tracers labeled either with ^68^Ga or ^18^F are currently in clinical trials, including ^18^F-Galacto-RGD [@B11], ^18^F-alfatide[@B13], ^68^Ga-RGD [@B17] and ^18^F-FPPRGD2 [@B18]. All these studies confirmed the feasibility and diagnostic value of integrin α~v~β~3~targeted PET imaging. In addition, increased tracer uptake has been found in bone metastases [@B19], [@B20].

Our previous studies showed that ^18^F-Alfatide can be produced with excellent radiochemical yield and purity *via* a simple one-step lyophilized kit. PET with ^18^F-alfatide allowed specific imaging of α~v~β~3~ expression with excellent imaging contrast in humans [@B13]. To further improve the tracer stability and imaging quality, we developed a new tracer ^18^F-NOTA-E\[PEG4-c(RGDfk)\]~2~ (denoted as Alfatide II) [@B21], [@B22]. In this study, we performed a clinical investigation, aiming to verify the detection efficiency of ^18^F-Alfatide II PET in different types of bone metastases including osteolytic, osteoblastic, mixed and bone marrow metastases, in comparison with ^18^F-FDG PET.

MATERIALS AND METHODS
=====================

Patient Recruitment
-------------------

The study protocol was approved by the ethics committee of the Affiliated Hospital of Jiangnan University (Wuxi 4th People\'s Hospital) and registered at ClinicalTrials.gov (NCT02441972). Thirty patients were recruited after their routine ^18^F-FDG PET/CT examination, and each patient gave written and informed consent before the ^18^F-Alfatide II PET/CT study. The final diagnosis of bone lesions was established based on the comprehensive assessment of all available data and clinical follow up.

PET/CT Protocol
---------------

The standard protocol for an ^18^F-FDG PET/CT scan was adopted. Patients were asked to fast for 4-6 h immediately before the scan. An ^18^F-FDG dose of 10 ± 1.5 mCi (370 ± 55.5 MBq) was intravenously administered. At 1 h after injection, the patients were scanned on a Siemens TruePoint HD scanner. ^18^F-Alfatide II PET was performed within 1 to 3 days after the ^18^F-FDG PET. No patient preparation was required for the ^18^F-Alfatide II PET scan. The injection dose of ^18^F-Alfatide II was 8 ± 1.0 mCi (296 ± 37 MBq). At 1 h after injection, the patients were scanned on the same Siemens TruePoint HD scanner. For both radiopharmaceuticals, whole-body (vertex to thigh) PET/CT images were obtained in 3D mode (2 min per bed position). Low-dose helical CT transmission scan (pitch 0.8, 50 mAs, 120 kV (peak)) was performed first for each of the 2 scans. Raw CT data were reconstructed into 3.75 mm-thick sections of transverse images, and reformatted sagittal and coronal CT images were generated. CT-based attenuation-corrected PET images were reconstructed with a standard iterative algorithm (OSEM, 3 iterative steps, 21 subsets) and reviewed using the same Siemens MMWP workstation.

Image Analysis
--------------

^18^F-FDG PET and ^18^F-Alfatide II PET images were scored according to the visual analysis on a per-lesion basis by two independent board-certified nuclear medicine physicians, who were unaware of the final diagnosis and the results of the other imaging studies. A 4-point grade system was adopted to describe the uptake degree for bone lesions: grade 0, uptake similar to the surrounding bone structure; grade 1, slightly higher uptake than the surrounding bone structure; grade 2, significantly higher uptake than the surrounding bone structure; and grade 3, abnormal concentrated uptake. Lesions scored as grade 0 were taken as negative lesions and those with a score equal to or greater than grade 1 were taken as positive lesions.

The final diagnosis was based on clinical follow-up and imaging results with the specific standards as follows: no history of trauma within half a year, no bone inflammatory disease such as tuberculosis and sarcoidosis, no bone fracture and bone tuberculosis. Bone metastasis was diagnosed by meeting either of the following criteria: a score equals to or greater than grade 2 on either ^18^F-FDG and/or ^18^F-Alfatide II PET, a score equals to grade 1 on both ^18^F-FDG and ^18^F-Alfatide II PET, or a lesion confirmed on ^99m^Tc-MDP bone scan, X-ray, CT (including the corresponding CT of PET/CT) or MRI examination. The osteolytic, osteoblastic, mixed bone metastatic lesions were classified based on CT characteristics. Bone marrow metastastic lesions were recognized as lesions with abnormal uptake of ^18^F-FDG or ^18^F-alfatide II in tubular bone marrow cavity or located in the skeletal system but without CT changes.

Statistical Analysis
--------------------

Data were expressed as mean ± SD. K statistic was used to determine inter-reader agreement for visual analysis. The McNemar test was used to compare ^18^F-FDG and ^18^F-Alfatide II PET/CT with respect to sensitivity of the two methods. Diagnostic values for bone lesion detection were calculated on a per-lesion basis. For all statistical analyses, a p value \<0.05 was considered statistically significant.

RESULTS
=======

Diagnosis of Bone Metastases
----------------------------

Twenty-five out of the 30 recruited patients were diagnosed to have malignancies (**Table [1](#T1){ref-type="table"}**). Eleven of them were confirmed to have metastatic bone lesions according to the standard described above. Among these 11 patients, 7 patients had lung cancer, 1 patient had gastric cancer, 1 patient had urinary bladder cancer associated with gastric cancer, and 2 patients had metastatic adenocarcinoma with unknown primary sites. Within the 11 patients, a total of 126 bone metastatic lesions were eventually identified.

Detection of Metastatic Bone Lesions by ^18^F-Alfatide II PET
-------------------------------------------------------------

Normally, the highest activity of ^18^F-Alfatide II was found in the kidneys and bladder, demonstrating predominant renal clearance of the tracer. Liver, spleen, and intestines also showed moderate uptake, while normal bone and bone marrow had very low background level of radioactivity distribution. Therefore, ^18^F-Alfatide II PET has the potential to visualize bone metastatic lesions with high contrast to surrounding background (**Figure [1](#F1){ref-type="fig"}**).

In order to compare the diagnostic value of ^18^F-Alfatide II PET and ^18^F-FDG PET, each bone metastatic lesion was scored based on the standard of visual analysis described previously. Among the 126 bone metastatic lesions, 57 of which were graded equally on both ^18^F-Alfatide II PET and ^18^F-FDG PET, 43 lesions were graded higher on ^18^F-Alfatide II and 26 were graded higher on ^18^F-FDG PET (**Table [2](#T2){ref-type="table"}**).

Based on the image characteristics on CT scans, these bone metastatic lesion were further divided into four categories including the osteolytic, osteoblastic, mixed and bone marrow. Both ^18^F-Alfatide II and ^18^F-FDG showed uptake in these lesions with varied intensity. In some cases, ^18^F-Alfatide II showed higher local accumulation than ^18^F-FDG, especially in cases of bone marrow metastases (**Figure [2](#F2){ref-type="fig"} and Figure [3](#F3){ref-type="fig"}**). For all 126 lesions, ^18^F-Alfatide II PET showed higher positive rate than ^18^F-FDG PET (92% *vs.* 77%, **Table [3](#T3){ref-type="table"}**). Especially, all osteolytic and mixed bone metastases were detected by ^18^F-Alfatide II PET with a sensitivity rate of 100%. ^18^F-Alfatide II PET was also very sensitive in detection of bone marrow lesions with a sensitivity of 98%, which is significantly higher than ^18^F-FDG PET (77%). ^18^F-Alfatide II PET was not so sensitive in detection of osteoblastic lesions but still with a significantly higher detection rate than ^18^F-FDG PET (70% *vs*. 53%).

Quantification of Tracer Uptake in Bone Lesions
-----------------------------------------------

Both tracers showed relatively large variance in tracer uptake in bone lesions with a range from 0.6 to 11.91 for ^18^F-FDG and 0.95 to 13.87 for ^18^F-Alfatide II (**Figure [4](#F4){ref-type="fig"}**). In all groups, no significant difference was found between ^18^F-FDG and ^18^F-Alfatide II (P \> 0.05 for all comparisons). Both tracers showed significantly lower accumulation in osteoblastic lesions than that in osteolytic and mixed lesions (P \< 0.001 for all comparisons). SUV~max~ of ^18^F-FDG in osteoblastic lesions was also significantly lower than that in bone marrow metastases (P \< 0.05). However, there was no significant difference of ^18^F-Alfatide II SUV~max~ in osteoblastic lesions and bone marrow metastases.

DISCUSSION
==========

In this study, we demonstrated the efficacy of ^18^F-Alfatide II PET in detecting metastatic bone diseases. The rationale of this investigation was based on the overexpression of integrin α~v~β~3~ on many types of malignant cells, endothelial cells of tumor vasculature [@B9], as well as mature osteoclasts [@B23], [@B24]. Moreover, the receptor is not expressed or expressed at a very low level on the quiescent endothelium and other normal tissues. The preclinical data also supported that RGD-based PET tracer has the potential to effectively image osteolytic bone metastases [@B25]. As a specific radiopharmaceutical for integrin α~v~β~3~, ^18^F-Alfatide II demonstrated high accumulation in various metastatic bone lesions with high lesion-to-background contrast.

Bone metastases are typically characterized as \'osteolytic\', \'osseous\' or \'mixed\', according to the radiographic and/or pathologic major appearance of the lesions [@B26]. Compared with bone scan, ^18^F-FDG PET/CT showed higher sensitivity for detecting osteolytic and mixed bone metastases [@B6], [@B27]. Our results demonstrated that ^18^F-Alfatide II PET/CT had similar detection efficiency as ^18^F-FDG PET/CT for the detection of osteolytic and mixed bone metastases. Moreover, ^18^F-Alfatide II PET/CT was superior to ^18^F-FDG PET/CT for detecting osseous lesions, especially for the osteoblastic lesions. This phenomenon has not been discovered in preclinical studies due to the limited availability of osseous bone metastasis animal models [@B25], [@B28].

In osteoblastic metastatic sites, local stimulation of osteoblast activity results in bone formation directly adjacent to the metastatic tumor. Consequently, a lot of osteoclasts exist in these lesions [@B29]. It is reasonable to speculate that visualization of bone metastases by ^18^F-Alfatide II PET is a result of binding of RGD peptide to integrin α~v~β~3~ expressed on the metastatic tumor cells, endothelial cells and osteoclasts. On the other hand, only metastatic tumor cells with high rate of glycolysis but not endothelial cells or osteoclasts have preferred accumulation of ^18^F-FDG [@B30]. The osteoblastic lesions are often undiscerned on ^18^F-FDG PET, because such lesions contain relatively few tumor cells.

Bone marrow (BM) infiltration is the first step of bone metastasis of cancer cells survived the rigors of the systemic circulation [@B29]. Biopsy of BM, the "gold standard" [@B31], can miss the focal infiltration, leading to false negative results and negatively affecting clinical management [@B32]. Recently, ^18^F-FDG PET has been applied for BM metastasis detection and FDG-PET/CT appears to have more accurate diagnosis than CT in early detection of BM metastasis [@B33]. For bone marrow metastatic lesions, the positive rate of ^18^F-Alfatide II PET was also higher than that of ^18^F-FDG PET (98% *vs.* 77%). The reason may lie in either subclonal selection of integrin α~v~β~3~-expressing tumor cell populations or upregulation of integrin α~v~β~3~ in the bone microenvironment during the early phase of bone metastasis [@B34].

It has been reported previously that the sensitivity for various primary and metastatic cancer lesion detection was significantly higher for ^18^F-FDG PET compared with that for ^18^F-galacto-RGD PET [@B20]. In this study of bone metastatic lesions, no significant difference in tracer uptake was observed between ^18^F-Alfatide II and ^18^F-FDG (4.27 ± 2.42 *vs.* 4.18 ± 2.58, P \> 0.05). There are two possible reasons accounting for this observation: One is that Alfatide II is a dimeric RGD peptide, which has much higher integrin binding affinity than the galacto-RGD monomer. The other reason lies in that only bone metastasis cases were included in this study. The abundance of osteoclasts in these lesions was partially responsible for the high Alfatide II accumulation as the osteoclasts express high level of integrin α~v~β~3~[@B23].

Several limitations exist in this study. First, our study lacks histologic verification for the imaging findings because it is not ethical to perform biopsy on patients diagnosed with bone metastasis. Instead, we used a combination of follow-up imaging and clinical management data to verify PET/CT findings, which has commonly been used in previous clinical studies [@B6]. Second, no comparison with bone scans using either ^99m^Tc-MDP or ^18^F-NaF [@B35] was made. It has been shown that ^99m^Tc-3PRGD2, a SPECT probe targeting integrin α~v~β~3~, was efficient in detecting bone metastases when compared with ^99m^Tc-MDP bone scan [@B36]. In view of the higher sensitivity of PET over SPECT, we believe that ^18^F-Alfatide II PET/CT should be superior to ^99m^Tc-MDP bone scan, although a direct comparison study may be needed. It has been reported previously that ^18^F-NaF PET is more effective than both planar bone scan and SPECT for bone metastasis detection [@B35]. Instead of reflecting bone metabolic activity directly, ^18^F-Alfatide II PET/CT is more related to integrin α~v~β~3~upregulation within the microenvironment of bone metastasis. Third, due to the limited number of enrolled patients and heterogeneity of the primary tumors, the number of lesions of each type of cancer was relatively small. In addition, about 30% of lesions were classified as the "bone marrow" metastases group since no obvious osteolytic or osteoblatic changes were shown in the early stage of metastasis. Therefore, further investigation of the detection efficiency of different lesions from different types of cancer is needed, especially for those from breast cancer (mainly osteolytic bone metastases) and prostate cancer (mainly osteoblastic bone metastases).

CONCLUSION
==========

^18^F-Alfatide II PET/CT showed high positive predictive value in the detection of bone metastases, especially in osteolytic, mixed bone and bone marrow metastases. It is of modest sensitivity in detection of osteoblastic lesions but still with a significantly higher detection rate than ^18^F-FDG PET. This pilot study encourages further investigation of ^18^F-Alfatide II PET/CT in metastatic lesion detection, patient management and drug therapy response monitoring.
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![2D projection images of ^18^F-Alfatide II PET (A) and^18^F-FDG PET (B) of a patient (no. 2) with metastatic adenocarcinoma of unknown primary site. ^18^F-Alfatide II PET demonstrated intense local accumulation of radioactivity in bone metastatic lesions located in thoracic vertebras, sacrum and right scapula, and right clavicle with good background contrast, whereas^18^F-FDG PET only showed moderate uptake in some thoracic vertebras and sacral lesions. The transaxial CT (C), ^18^F-Alfatide II PET (D), and ^18^F-FDG PET (E) were presented to focus on the lesions at sacrum. There is also bone metastasis with abnormal ^18^F-Alfatide II uptake (G) but not visible by transaxial CT (F) or ^18^F-FDG PET (H).](thnov05p1115g001){#F1}

![CT (left), ^18^F-Alfatide II PET (middle), and^18^F-FDG PET (right) of a patient (no. 5) with bladder cancer for 9 years and newly diagnosed with gastric cancer. A lesion in sinuses ventriculi with high FDG uptake was confirmed as adenocarcinoma by biopsy. Multiple metastatic bone lesions were confirmed either as osteolytic (A), osteoblastic (B) or mixed (C) by CT. These lesions showed low or no uptake on ^18^F-FDG PET and accumulation of ^18^F-Alfatide II with various intensities.](thnov05p1115g002){#F2}

![^18^F-Alfatide II PET (A, D, E) and^18^F-FDG PET (B, G, H) of a 68-y-old female patient (no. 1) with lung cancer. Besides the primary tumor in the left lung and multiple vertebral osteolytic bone metastases (C, F), bilateral humerus and femur bone marrow cavities showed strip-shaped radiotracer uptake on ^18^F-Alfatide II PET. ^18^F-FDG PET only discerned the primary site and bone metastases, but not the abnormality in the bone marrow cavities.](thnov05p1115g003){#F3}

![SUV~max~ of ^18^F-FDG and ^18^F-Alfatide II PET in different categories of bone metastases.](thnov05p1115g004){#F4}

###### 

Patient demographics

  Patient no.   Age (y)   Sex   Histology                                           Different types of bone metastases (number)             
  ------------- --------- ----- --------------------------------------------------- --------------------------------------------- ---- ---- ----
  1             68        F     lung cancer                                         14                                            0    0    8
  2             66        M     metastatic adenocarcinoma of unknown primary site   4                                             0    1    7
  3             39        M     metastatic adenocarcinoma of unknown primary site   2                                             6    17   7
  4             75        M     lung cancer                                         0                                             0    1    3
  5             70        M     urinary bladder cancer and gastric cancer           2                                             4    2    0
  6             68        F     lung cancer                                         1                                             0    0    12
  7             48        M     lung cancer                                         0                                             18   0    3
  8             81        M     lung cancer                                         0                                             2    0    3
  9             52        F     lung cancer                                         3                                             0    0    0
  10            72        F     lung cancer                                         4                                             0    0    1
  11            59        M     gastric cancer                                      1                                             0    0    0

###### 

Visual analysis of metastatic bone lesions based on ^18^F-Alfatide II and ^18^F-FDG PET

  Grade   ^18^F-Alfatide II PET   ^18^F-FDG PET
  ------- ----------------------- ---------------
  0       10                      29
  1       32                      32
  2       51                      26
  3       33                      39

###### 

Categorization of the metastatic bone lesions by ^18^F-Alfatide II and ^18^F-FDG PET

  Lesions             ^18^F-Alfatide II   ^18^F-FDG
  ------------------- ------------------- -----------
  Osteolytic (31)     31 (100%)           28 (90%)
  Osteoblastic (30)   21 (70%)            16 (53%)
  Mixed (21)          21 (100%)           19 (90%)
  Bone marrow (44)    43 (98%)            34 (77%)
  Total (126)         116 (92%)           97 (77%)
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